Multiple intergenic single-nucleotide polymorphisms (SNPs) near hedgehog interacting protein (HHIP) on chromosome 4q31 have been strongly associated with pulmonary function levels and moderate-to-severe chronic obstructive pulmonary disease (COPD). However, whether the effects of variants in this region are related to HHIP or another gene has not been proven. We confirmed genetic association of SNPs in the 4q31 COPD genome-wide association study (GWAS) region in a Polish cohort containing severe COPD cases and healthy smoking controls (P 5 0.001 to 0.002). We found that HHIP expression at both mRNA and protein levels is reduced in COPD lung tissues. We identified a genomic region located ∼85 kb upstream of HHIP which contains a subset of associated SNPs, interacts with the HHIP promoter through a chromatin loop and functions as an HHIP enhancer. The COPD risk haplotype of two SNPs within this enhancer region (rs6537296A and rs1542725C) was associated with statistically significant reductions in HHIP promoter activity. Moreover, rs1542725 demonstrates differential binding to the transcription factor Sp3; the COPD-associated allele exhibits increased Sp3 binding, which is consistent with Sp3's usual function as a transcriptional repressor. Thus, increased Sp3 binding at a functional SNP within the chromosome 4q31 COPD GWAS locus leads to reduced HHIP expression and increased susceptibility to COPD through distal transcriptional regulation. Together, our findings reveal one mechanism through which SNPs upstream of the HHIP gene modulate the expression of HHIP and functionally implicate reduced HHIP gene expression in the pathogenesis of COPD.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD), the third leading cause of death in the USA (1) , is a complex disease strongly influenced by cigarette smoking and genetic predisposition (2, 3) . Alpha-1 antitrypsin deficiency is an uncommon major genetic risk factor for COPD (4), but candidate gene association studies have had limited success in the identification of additional COPD genetic risk determinants (5) . Genome-wide association studies (GWAS) of COPD have provided compelling evidence for disease susceptibility loci on chromosomes 4q24 (6), 4q31 (7, 8) and 15q25 (7) . The COPD-susceptibility locus at chromosome 4q31 has also been significantly associated with lung function in general population samples (9, 10) and with COPD in subsequent replication studies (11) (12) (13) . Of note, most of these previous COPD association studies have included COPD subjects with a broad range of COPD severity. Only one set of severe to very severe COPD cases (from the National Emphysema Treatment Trial) has been reported in previous case -control association analysis of the chromosome 4q31 COPD-susceptibility locus (7); rs13118928 was associated with severe COPD [odds ratio (OR) 0.7; P ¼ 0.002] in this analysis.
The region of the strongest association on chromosome 4q31 includes a block of genetic variants in linkage disequilibrium, which is 79 kb in length (from rs12504628 to rs1542726). This intergenic COPD-susceptibility locus is located 51 kb away (Fig. 1A ) from hedgehog interacting protein (HHIP), which encodes an inhibitory protein for sonic hedgehog (SHH); hedgehog is a crucial signaling pathway for the development of the lungs and other organs (14) (15) (16) . Of note, previous GWAS have associated other HHIP single-nucleotide polymorphisms (SNPs) with height (8, 17) .
Since the 4q31 locus has been consistently identified in multiple genetic association studies of lung function and COPD-related phenotypes, we investigated whether significant associations could be replicated for severe COPD. Subsequently, comprehensive evaluation to identify the causal variants and to investigate the functional impact of this region on COPD pathogenesis was undertaken. Given the pivotal role of HHIP during lung development, we hypothesized that cis-regulatory elements for HHIP are contained in this COPD-susceptibility locus. To address this hypothesis, we applied multiple approaches to localize the functional variants in this genomic region.
RESULTS
rs13118928 at 4q31 is associated with severe COPD There were 315 subjects with severe COPD and 330 smoking control subjects enrolled in Poland (Table 1 ). There were more male than female case and control subjects, but gender was evenly distributed between both groups (P ¼ 0.5). The severe COPD cases had greater pack-years smoking history (44.5 versus 33.4 pack-years, P , 0.0001) and were less likely to be active smokers (25.4 versus 49.4% current smokers, P , 0.0001). As expected, cases had significantly worse lung function, with an average forced expiratory volume in one second (FEV 1 ) of 30.4% predicted in cases compared with 102.5% predicted in control subjects (P , 0.0001). As shown in Table 2 , rs13118928 was significantly associated with severe COPD [OR 0.68, 95% confidence interval (CI) (0.53, 0.87), P ¼ 0.002] by logistic regression analysis after adjustment for age, gender and pack-years of smoking.
Expression of HHIP is decreased in COPD lungs
We assessed whether HHIP gene expression is perturbed in lung tissues of COPD subjects. We measured the HHIP expression in lung tissues of COPD subjects and in smokers who have normal lung function. By real-time polymerase chain reaction (PCR), we found that mRNA levels of HHIP were significantly reduced in COPD subjects compared with control subjects with normal lung function (P , 0.05) using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene (Fig. 1B) . A similar trend was observed using TBP (TATA-binding protein) as the reference gene (P ¼ 0.057, data not shown). Significant decreases at the HHIP protein level were observed in COPD lungs with western blot analysis (Fig. 1C) . In contrast, mRNA levels of the other gene flanking the COPD-susceptibility locus, GYPA (glycophorin A, situated 450 kb away), were barely detectable in these COPD lung tissues (data not shown). Together, our results demonstrate that decreased HHIP expression is associated with COPD and strongly suggest that HHIP is the most plausible candidate gene within this COPDsusceptibility locus.
DNA re-sequencing identified common variants in the COPD-susceptibility locus, intervening region and the HHIP gene
To develop a comprehensive list of common genetic variants in this genomic region, we began by using MaCH v1.06 in each of the three cohorts described in a recent COPD GWAS (18) to impute genotypes using CEU samples from both the HapMap Phase II and 1000 Genomes reference populations (6) . In addition, to identify genetic variants that may be commonly found only in COPD cases, we sequenced the upstream COPD-susceptibility locus on chromosome 4q31, the intervening region leading to HHIP, and all of the exons and introns of HHIP, using long-range PCR followed by nextgeneration sequencing in DNA isolated from 29 severe, early-onset COPD subjects (2) . A total of 493 SNPs, including 176 novel variants (not present in dbSNP130), were found (Supplementary Material, Table S1 ). Twenty-one SNPs were found in the genomic region 5 kb upstream of the transcription start site for HHIP; however, no common nonsynonymous SNPs were found within the coding region of HHIP, suggesting that regulatory elements likely confer COPD susceptibility in this region.
Identification of a long-range enhancer for HHIP in the COPD 4q31 GWAS region
Since HHIP lies in a considerable linear distance from the COPD GWAS SNPs, and multiple lines of evidence have shown that critical developmental genes often have distal regulation (19, 20) , we hypothesized that the functional SNPs may exert long-distance regulation on HHIP expression, similar to functional variants on 8q24 affecting c-Myc expression (21) (22) (23) (24) . We explored this possibility by applying chromosome conformation capture (3C) assays (25) in an immortalized human bronchial epithelial cell line (Beas-2B) and in fetal lung fibroblasts (MRC-5) ( Fig. 2A) . This technique assesses long-range interactions of a constant genomic fragment with a series of DNA fragments spanning a potentially large genomic region. In our assays, we interrogated a constant fragment containing the promoter of HHIP against four fragments spanning this COPD-associated GWAS locus (145655k -145735k) and five fragments in between them (primer sequences are listed in Supplementary Material, Table S2 ). After PCR analysis, the interaction frequency of any given two fragments was calculated by semi-quantitative PCR, and ligation of distal chromatin segments was verified by sequencing 3C-PCR products. As expected, we detected strong interactions between the HHIP promoter and directly adjacent fragments in both cell types (peak near the anchoring fragment in Fig. 2A ). The interactions became less prominent with increasing distance from the HHIP promoter; however, an additional strong interaction peak was detected between the HHIP promoter and a 7 kb fragment (145701k-145708k) contained within this COPD-susceptibility locus ( Fig. 2A and Supplementary Material, Fig. S1A ). Hence, we localized a potential HHIP gene regulatory element within the 79 kb GWAS region to a 7 kb fragment that harbors multiple associated SNPs from previous GWAS in COPD (7, 10, 26) .
Given the strong physical interaction between this GWAS locus and the HHIP promoter detected by 3C, we hypothesized that by forming chromatin loops, this 7 kb region may function as an enhancer for the HHIP promoter. To test this, we first observed enrichment of an enhancer marker, histone 3 lysine 4 mono-methylation (H3K4Me1) (27) (28) (29) , in this 7 kb region (Fig. 2B ) by chromatin immunoprecipitation (ChIP) assays in Beas-2B cells. These results indicate that a functional cis-regulatory element is likely contained in this region. Moreover, comparative genomics data from the UCSC genome browser indicated that this DNA region contains highly conserved sequence among mammals (Supplementary Material, Fig. S1B ), which suggested that important regulatory elements may be located in this region. To further test this hypothesis, we cloned deletion constructs of this 7 kb interaction fragment at various lengths (designated 2.4K, 3K and 4K) into reporter constructs that contained the HHIP promoter (designated as control)-the anchoring fragment in the 3C assays (Fig. 2C) followed by the firefly luciferase reporter gene. Luciferase assays revealed strongest enhancer activity within the 2.4K fragment (145705843 -145708234, hg18). Thus, we demonstrated that similar to other developmental genes (27) , HHIP is regulated by a cisregulatory enhancer from a great distance, 85 kb away. Of interest, this enhancer region is directly adjacent to two published GWAS SNPs associated with COPD (7, 26) .
Risk haplotype for COPD is associated with decreased HHIP promoter activity
Based on our resequencing data of this genomic region described earlier, we identified two common SNPs located inside the 2.4K region: rs6537296 and rs1542725 (Supplementary Material, Table S3 ). These two SNPS were in strong LD (r 2 . 0.99, D ′ 1.0) with rs13118928 (Supplementary Material, Table S4 ). As expected based on this LD structure, both rs1542725 [OR 0.67, 95% CI (0.53, 0.87), P ¼ 0.002] and rs6537296 [OR 0.67, 95% CI (0.53, 0.86), P ¼ 0.001] were also significantly associated with severe COPD in our Polish study population (Table 2) .
We set out to determine whether the region including these two SNPs (rs1542725 and rs6537296) was critical for the enhancer activity of the 2.4K region. We cloned 500 bp around these two SNPs into reporter constructs containing the HHIP promoter. Approximately 2.5-fold increased promoter activity was consistently observed in the minimal risk locus that contains these two SNPs both in Beas-2B cells (Fig. 3A ) and MRC5 cells (Supplementary Material, Fig. S2 ). This enhancer activity was independent of orientation ( Fig. 3A) .
In the association analyses, rs6537296A and rs1542725C were risk alleles associated with severe COPD (Table 2) . To evaluate whether enhancer activity is allele-specific, we measured luciferase activities in Beas-2B cells transfected with single-or double-mutation constructs at rs6537296 and rs1542725. Compared with the non-risk haplotype (rs6537296G and rs1542725T), single-mutation constructs for rs6537296 and rs1542725 showed quantitatively modest but statistically significant decreases in enhancer activity at forward and reverse orientations, respectively (Fig. 3B) . Moreover, double mutations at both SNPs consistently showed approximately a one-third decrease in enhancer activity compared with the non-risk GT haplotype in both forward and reverse orientations ( Fig. 3B , P , 0.01). Hence, the AC haplotype associated with increased risk of COPD exhibited lower enhancer activity for the promoter of HHIP and might therefore correlate with lower HHIP expression.
rs1542725 affects binding to Sp1 family member Sp3
One of our identified COPD-associated SNPs (rs1542725) is located within a conserved GC-box like motif that may function as a binding site for the transcription factors Sp1 and Sp3 based on TRANSFAC analysis (Fig. 4A , Supplementary Material, Fig. S3A ). We hypothesized that this SNP affects the binding of Sp1 and/or Sp3 to this region. We performed an electrophoretic mobility shift assay (EMSA) using radio-labeled probes spanning rs1542725 (Fig. 4A ). When we mixed annealed probes with nuclear extract from Beas-2B cells, we observed a nucleoprotein complex in which the top two bands exhibited increased intensity with probe spanning the rs1542725C allele (arrows, Fig. 4B , lane 2) compared with a radio-labeled probe spanning the rs1542725T allele (non-risk allele) (Fig. 4B , lane 1). These top two bands were specific, as shown by complete elimination with an identical competitor (Fig. 4B, lane 3) and retention of the binding complex with addition of a non-identical competitor (NIC) (Fig. 4B, lane 4) . Competition with an oligonucleotide with a mutation of the central 6 bp spanning the rs1545725C sequence failed to disrupt binding of the top two bands (Fig. 4B, lane 5) , thus confirming binding of the nuclear protein to the central region of the rs1542725 sequence. Interestingly, mild reduction in the intensity of the top two complexes was seen with addition of an Sp1 antibody (Fig. 4B, lane 6) , and addition of an Sp3 antibody produced disruption of the top two bands and a supershifted band (Fig. 4B, lane 7) , supporting the presence of Sp3 in the nucleoprotein complex. In contrast, no change in the complex was seen with the addition of an unrelated antibody (Fig. 4B,  lane 8) . These results were consistently observed in multiple repeats (Supplementary Material, Fig. S4B ). Moreover, competition with a non-radiolabeled consensus sequence for Sp1/ Sp3 eliminated the top two bands (Supplementary Material, Fig. S3B, lane 5) . Furthermore, addition of radio-labeled probe in the absence of nuclear extract showed no nucleoprotein complexes (data not shown). Taken together, our EMSA data support that Sp1 family member Sp3 binds to a central 6 bp region spanning rs1542725 in vitro. The rs1542725 C variant, which is associated with COPD and reduced HHIP gene expression, exhibited stronger Sp3 binding than the rs1542725T allele, consistent with the role of Sp3 as a transcriptional repressor.
DISCUSSION
The existence of a susceptibility locus on chromosome 4q31 influencing pulmonary function in general population samples (9,10) and moderate-to-severe COPD (7) has been strongly supported by previous genetic association studies. In a Caucasian study population from Poland, we confirmed that SNPs in this same genomic region are associated with severe to very severe COPD, which is substantially less common and potentially more strongly influenced by genetic factors (2) than moderate COPD. Several lines of evidence in the current study clearly implicate HHIP as the COPDsusceptibility gene in this region. First, we detected reduced mRNA and protein levels of HHIP in COPD lung tissues.
Secondly, a genomic region containing a subset of associated SNPs forms a chromosomal loop that interacts with the HHIP promoter from 85 kb away and functions as an enhancer. Thirdly, a COPD risk haplotype within this enhancer region is associated with reduced HHIP promoter activity. Both of the SNPs within this haplotype appear to have functional effects on HHIP expression, and we found a potential biological mechanism for one of the COPD risk alleles in this region (rs1542725 C allele), which demonstrates increased binding to the transcription factor Sp3. This ubiquitously expressed transcription factor Sp3 has repressive activity related to its post-translational modification (30) . Differential Sp3 binding at a functional SNP (rs1542725) within the chromosome 4q31 COPD GWAS locus could lead to reduced HHIP levels and increased susceptibility to COPD. GWAS have been very successful in discovering the general location of many common susceptibility variants for complex traits. However, the identification of the functional variants within GWAS regions remains challenging. In some cases, as with the Complement Factor H gene in age-related macular degeneration (31), a non-synonymous SNP with likely functional impact is identified within the associated region. However, most common variants identified by GWAS are located in non-coding regions (32) . These non-coding regions may contain cis-or trans-acting regulatory elements for nearby or distant genes. Indeed, successful identification of functional GWAS variants in non-coding regions has recently been reported for colorectal cancer (21), lipoprotein levels (33) and coronary artery disease (34) . Given the difficulty of identifying functional genetic variants in non-coding genomic regions, it is not unreasonable to ask whether such efforts are worth the intensive investigation required. We contend that the identification of functional variants in such regions is extremely important for at least two reasons. First, the identification of functional variants can conclusively prove which gene is actually involved in disease susceptibility.
Secondly, study of functional variants can lead to insights into pathophysiological mechanisms for disease.
It is not entirely surprising to identify a distal enhancer for HHIP, a critical developmental gene that is involved in fetal lung branching morphogenesis. SHH, an initiator signaling molecule for the Hedgehog pathway, has an enhancer called limb located 1 Mb upstream from the coding region (35, 36) . Similarly, SOX9 has long-range regulatory elements located over 1 Mb away from the coding sequence (37) . Here, we showed that a putative enhancer element, harboring COPD GWAS SNPs, regulates HHIP expression from 85 kb away. The underlying mechanism by which enhancers are 'tethered' with the proximal promoter of a target gene from a great linear distance remains poorly defined. A recent study showed that in addition to the transcriptional apparatus, other proteins essential for chromosome segregation, mediator and cohesin, can form rings to connect DNA segments across substantial genomic distances and facilitate long-range Figure 3 . COPD risk allele is associated with lower HHIP promoter activity. (A) The minimal COPD GWAS SNP region ( 500 bp around two key SNPs, light purple column) cloned at forward orientation (...) and reverse orientation (,,,) showed enhancer activity for the HHIP promoter ('control', orange) measured by dual-luciferase in Beas-2B cells. Shown are ratios of firefly luciferase expression to Renilla luciferase expression normalized to the mean ratio from the control construct. Geometric means and standard errors are shown for five independent repeats done in triplicate or quadruplicate. (B) The effects of rs1542725 and rs6537296 were evaluated in the reporter assays. Single-nucleotide alterations were introduced individually or combined into minimal enhancer constructs at forward (upper panel) and reverse (lower panel) orientations. Shown are ratios of firefly luciferase expression to Renilla luciferase expression normalized to the mean ratio from the risk haplotype (rs6537296A and rs1542725C). Geometric means and standard errors were calculated from eight (forward) or three (reverse) independent repeats. regulation between a distal enhancer and core promoter (38) . Further investigation to define the protein complex associated with the HHIP promoter and distal enhancer element may provide additional mechanistic insights regarding the distalregulation of HHIP.
HHIP, through its extracellular domain, binds to sonic hedgehog (SHH) and prevents SHH from activating the Hedgehog signaling pathway (39), a critical pathway for embryonic lung development. Although the hedgehog pathway has been related to acute airway epithelial injury and small cell lung cancer (40), a key role for this pathway in COPD had not been considered until the identification of the COPDsusceptibility locus on chromosome 4q31 using GWAS (41) . Decreased HHIP expression leads to over-activation of the Hedgehog pathway in multiple types of cancer, which in turn contributes to uncontrolled cellular proliferation (42, 43) . In our study, we showed that HHIP expression is decreased in lung tissue from COPD cases compared with control subjects with normal lung function (Fig. 1B) . The COPD risk haplotype confers decreased enhancer activity for the HHIP promoter (Fig. 3B) , indicating that lower HHIP expression may exacerbate smoking-induced COPD pathogenesis. The discovery of alpha-1 antitrypsin deficiency more than 40 years ago led to the development of the protease -antiprotease imbalance hypothesis for COPD (44) , which remains a central model for COPD pathogenesis. Further mechanistic studies on the Hedgehog signaling pathway in the context of smoking may provide novel insights into the pathogenesis of COPD.
Taken together, our study has provided novel mechanistic insights into the functional impact of the 4q31 locus on COPD susceptibility. However, our work does have some limitations. First, since our genetic association results replicated previous findings in a severe COPD population (7), we did not include another replication population. Secondly, although our study population in Poland was Caucasian and likely reasonably homogeneous, we did not formally test for population stratification. Thirdly, our 3C assessment of the GWAS locus was not completely comprehensive due to some extreme sizes of fragments (.10 or ,1 kb) inside the locus after BglII digestion; thus, it is possible that additional gene regulatory elements are located in that region. Fourthly, the enhancer activity of the COPD risk and non-risk haplotypes showed a statistically significant difference, but the magnitude of the differences was quantitatively modest (Fig. 3B, 35% decrease). Of interest, a functional variant identified on chromosome 8q24 for colorectal cancer (21) had a similar magnitude of allele-specific effects, suggesting that functional variants that confer moderate differences in reporter assays can be biologically important in complex disease susceptibility. It is also possible that there are additional functional variants in this interaction segment. Fifthly, although we showed evidence for differential binding of Sp3 to rs1542725 in the presence or absence of the risk allele, it is likely that other transcription factors bind in this region and regulate HHIP expression. Finally, abnormal HHIP expression has been observed in multiple tumor types due to hypermethylation of its promoter region, such as hepatocellular carcinoma (42), gastrointestinal cancer (45), neuroblastoma (46) and pancreatic cancer (43) . Studies of the impact of epigenetic alterations on HHIP expression and COPD susceptibility will be required.
In summary, we have demonstrated that the COPD GWAS locus on chromosome 4q31 shows physical and functional long-range interactions with the HHIP gene and contains an enhancer element. Furthermore, the decreased expression of HHIP associated with increased binding of Sp3 to the COPD-associated rs1542725C allele could contribute to the development of COPD. These findings implicate HHIP and the Hedgehog pathway in COPD pathogenesis.
MATERIALS AND METHODS

Study population from Poland
Subjects were participants in the Transcontinental COPD Genetics Study (TCGS) and were recruited at clinical centers throughout Poland. Eligible participants were Caucasians from Poland between 40 and 80 years of age with at least 10 pack-years of cigarette smoking history. Subjects were excluded for: ongoing respiratory disorders other than COPD; lung surgery involving one or more lobes; abdominal, chest or eye surgery in the 3 months prior to enrollment; myocardial infarction in the 3 months prior to enrollment; inability to use albuterol; pregnancy; or use of antibiotics or systemic steroids for COPD exacerbations in the month prior to enrollment. Subjects were excluded if they had a first or second degree relative already enrolled in the TCGS. Eligible cases generally had severe to very severe COPD based on GOLD staging (47) with post-bronchodilator FEV 1 /FVC (forced vital capacity) , 0.7 and FEV 1 ≤ 50% predicted; however, several subjects with borderline spirometric values were included after investigator review. Eligible control subjects had post-bronchodilator FEV 1 /FVC ≥ 0.7 and FEV 1 ≥ 80%. All subjects completed a modified American Thoracic Society Respiratory Questionnaire (48), performed standardized spirometry using an Easy-one spirometer (NDD, Inc.) and provided blood samples for genotyping. All subjects signed written informed consent prior to enrollment. This study was approved by the IRBs at both the Institute of Tuberculosis and Lung Diseases in Warsaw and Brigham and Women's Hospital in Boston.
Genotyping and genetic association analysis in the Polish study population Three SNPs located in the COPD GWAS locus near HHIP on chromosome 4 were examined for their association with COPD. These SNPs included rs13118928, rs6537296 and rs1542725, which were chosen based on prior studies demonstrating an association between rs13118928 and COPD (7) as well as DNA resequencing performed in this study. These three SNPs were genotyped using TaqMan assays with an ABI 7900 (Applied Biosystems, Inc.). We performed logistic regression analysis for the association of these SNPs with the presence or absence of COPD, adjusting for age, gender and pack-years of smoking.
Cell lines and human tissues
Human Beas-2B bronchial epithelial cells (#CRL-9609) and human MRC-5 fetal lung fibroblasts (#CCL-171) were purchased from ATCC and cultured in complete Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, penicillin (50 units/ml), streptomycin (50 mg/ ml) and gentamicin (10 mg/ml). Lymphoblastoid cell lines from severe, early-onset COPD subjects were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, penicillin (50 units/ml), streptomycin (50 mg/ml) and gentamicin (10 mg/ml). Human lung tissue samples from 18 COPD patients (FEV 1 , 80%) and 15 control subjects with normal lung function were obtained from the Lung Tissue Research Consortium, a national biorepository of lung tissues.
Real-time PCR
Total RNA from human lung tissues stored in RNAlater (Ambion) solution was extracted using the RNeasy Mini Kit (Qiagen). Genomic DNA was eliminated by on-column digestion during RNA extraction using RNase-Free DNase Set (Qiagen). cDNA was synthesized using Multiscribe Reverse Transcriptase Kit (Applied Biosystems: #4368814). HHIP expression was quantified by real-time PCR using TaqMan assays (Applied Biosystems, #4369510) in an ABI Prism 7900 instrument; TaqMan primers used in the assays were HHIP (ABI #Hs01011015_m1 and HS01011009_m1), GYPA (ABI# Hs00266777_m1), GAPDH (ABI#Hs0026 6705_g1) and TBP (ABI#Hs00427620_m1). All samples were tested in duplicate PCR under the following cycling conditions: 2 min at 508C, 10 min at 958C, 40 cycles of 15 s at 958C and 1 min at 608C. The average cycle number at threshold [Ct] was normalized against GAPDH and TBP. The expression level of HHIP was calculated based on the 2 2DDCt method.
Western blot in human lung tissues
Protein extractions from lung tissues were performed as previously described (49) . Western blotting was performed as previously described (50) . Antibodies used were a-actin (Chemicon, #MAB1501) and HHIP (Abcam, #39208). Secondary antibodies were horseradish peroxidase-linked antimouse or anti-rabbit IgG (GE Healthcare). Detection was done with enhanced chemiluminescence (Perkin Elmer Life Sciences, Inc.). Band densities were quantified by Adobe Photoshop software and HHIP expression was normalized to loading with a-actin.
HHIP region DNA sequencing
Long-range PCR amplicons were designed to cover 229 kb, from the 5 ′ end of the linkage disequilibrium block previously associated with COPD to 4 kb past the HHIP 3 ′ -UTR. DNA was extracted from blood or lymphoblastoid cell lines cultured at low passage from 29 subjects with severe, early-onset COPD. Long-range PCR amplicons were prepared and sequenced using the Illumina GAIIx. Single-end reads were aligned using BWA 0.5.8 (51) . Average coverage per base was .1000×, with .95% of bases covered at least 20×. Sequence data were subject to base quality recalibration and indel realignment using the Genome Analysis Toolkit version 1.04218 (GATK) (52) . Variants were called with the Unified Genotyper using multi-sample calls and filtered using the parameters: 'QUAL , 50.0 || AB . 0.75 || QD , 5.0 || HRun . 5 || SB . 20.10'. Detailed examination identified variants excluded from multisample calls due to false indels and errors resulting in triallelic sites; thus GATK was rerun using single sample mode and these variants were added back into the calls. Indels were called using the GATK IndelGenotyperV2, without filtering.
Chromosome conformation capture assay (3C)-PCR
Interactions of distal genomic DNA regions with the HHIP promoter were evaluated by 3C-PCR using approaches that were previously described (25) . Briefly, 8 × 10 7 human Beas-2B and MRC5 cells were cross-linked and lysed, and chromatin was digested with BglII. Crosslinked and digested fragments were ligated with T4 ligase (Invitrogen, # 15224-025) for 6 h at 168C. 3C products were detected with 3C unidirectional PCR primers in duplicate or triplicate PCR reactions. 3C-PCR primers were designed targeting DNA fragments at sizes between 1 and 10 kb after BglII digestion. We also limited primer designs for highly repeated genomic regions due to possible low specificity. All distal PCR ligation products from both BAC and cell lines were confirmed by sequencing. DNA fragment interaction frequencies were calculated by normalizing PCR signals from cell lines to BAC control for each primer pair. At least two biological replicates for each cell line were independently prepared and amplified for 3C-PCR. Primers used for 3C are listed in Supplementary Material, Table S2 .
ChIP-PCR assay
ChIP was performed by using EZ-CHIP kits (Millipore, #17-371) according to the manufacturer's protocol. Briefly, Beas-2B cells were grown to reach sub-confluency. Approximately 1 × 10 7 cells were cross-linked by 1% formaldehyde in growth media for 10 min at room temperature. After quenching with glycine, cells were lysed in sodium dodecyl sulfate lysis buffer in the presence of protease inhibitors. Chromatin samples from Beas-2B cells were sonicated to a size range of 200-600 bp and analyzed on agarose gels. Aliquots of 2 million cells were used for each immunoprecipitation. After preclearing with protein G agarose, a 1% aliquot of supernatant was collected as input DNA. Solubilized chromatin was subjected to immunoprecipitation with antibody against H3K4Me1 (ab8895, Abcam), and rabbit IgG (sc-2027, Santa Cruz) was used as a negative control. Immunoprecipitation was performed for 16 h at 4 8C. DNA from ChIP preparation was quantified by SYBR Green qPCR (Kapabiosystems, #kk4601) by series dilution of input DNA for each primer set. Relative quantification was performed as described in the manufacturer's protocol (Applied Biosystems). Each ChIP was performed in three biological replicates from Beas-2B cells cross-linked and immunoprecipitated on different dates. The primers used in ChIP are listed in Supplementary Material, Table S2 .
Molecular cloning and reporter assays
HHIP promoter 1.2K (145,786,102 -145,787,277, hg18) amplified from BAC clone (Invitrogen, CTD-3027L19) was cloned into pGL3 basic vector (Promega) in BglII and HindIII digestion sites. Various segments of the COPD GWAS region were cloned to the 5 ′ end of the HHIP promoter in pGL3 basic vector.
For reporter assays, 80% confluent Beas-2B cells were seeded into a 24-well plate at a density of 5 × 10 4 cells/ well. Forty-eight hours post-transfection with various reporter constructs along with TK-renilla, cells were collected to measure promoter activity using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. Luminescence signals were captured in a Wallac VICTOR3 1420 plate reader (Perkin Elmer). Firefly signals driven by the HHIP promoter were normalized to TK-renilla signals after background subtractions. All transfections were performed either in triplicate or quadruplicate. Mutant constructs for SNPs rs653296 and rs1542725 were made using an in situ mutagenesis kit (Agilent, #200521). All plasmids used for reporter assays were confirmed by sequencing. Independent transfection and reporter assays were performed four to six times.
Electrophoretic mobility shift assay (EMSA)
EMSAs were performed as described previously (53, 54) with double-stranded oligonucleotide radio-labeled probes surrounding rs1542725 in the risk locus. Additional doublestranded oligonucleotides that were used as unlabeled competitors include a consensus Sp1 binding site, a NIC [an AT-rich sequence from the P-selectin promoter (54) ], and an oligonucleotide in which the central 6 bp surrounding the rs1542725 risk locus were mutated. Unlabeled competitor probes were added into reaction at 100-fold concentration compared with labeled probes. Detailed sequences of probes and competitors are listed in Supplementary Material, Table S2 . Nuclear extracts were harvested from Beas-2B cells as described previously (54) , and nuclear protein was quantified by the Bradford dye-binding method (Bio-Rad). The 32 P radio-labeled probes, with or without the addition of unlabeled competitors, were incubated with 10 mg of nuclear extract for 30 min at 48C prior to electrophoresis. In separate experiments to test for the presence of specific proteins within the observed complexes, the nuclear protein mixture was incubated for 30 min at room temperature with antibodies against Sp1 (Santa Cruz, sc-59 X), Sp3 (Santa Cruz, sc-644X) or an unrelated antibody Oct-1 (Santa Cruz, sc-232X).
Statistics for gene expression and cell-based assays
For comparisons between cases and controls of mRNA and protein levels in lung tissues, Wilcoxon's rank sum test in SAS (Cary, NC, USA) was used. For reporter assays, luciferase activity levels were assessed using general linear models with PROC GLM in SAS; values were compared with a reference group within an experimental repeat, and results from multiple experiments were included. Interaction frequencies in 3C assays and ChIP assays with H3K4Me1 were analyzed using a similar approach. For 3C assays, in addition to main effects for the primer and cell type (BAC versus Beas-2B or MRC-5), an interaction term between the 7 kb fragment in the COPD GWAS region and cell type was included. For ChIP assays, relative enrichment was normalized to an IgG control. Reporter, 3C and ChIP assays were analyzed after natural logarithm transformation; geometric means and standard errors calculated on the logarithmic scale were transformed back to the linear scale in the figures. 
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